Self-excited combustion dynamics in a liquid-fueled lean direct injection combustor at high pressure (1 MPa) are described. Studied variables include combustor and air plenum length, inlet air temperature, equivalence ratio, fuel nozzle location, and fuel composition. Measured pressure oscillations were dependent on combustor geometry and ranged from about 1% of mean chamber pressure at low equivalence ratio, up to 20% at high equivalence ratio. In the most unstable cases, strong pressure modes were measured throughout the frequency spectrum including a band around 1.2-1.5 kHz representing the 4th longitudinal mode, and another band around 7 kHz. The oscillation amplitudes have a non-monotonic dependency on air temperature, and are affected by the placement of the fuel nozzle relative to the throat of the subsonic swirling air flow. The parametric survey provides a rich dataset suitable for validating high-fidelity simulations and their subsequent use in analyzing and interpreting the complex combustion dynamics.
Introduction
The management of combustion dynamics in gas turbine combustors has become more challenging as strict NOx/CO emission standards have led to engine operation in a narrow, lean regime. 1, 2 While premixed or partially premixed configurations such as Lean Premixed Pre-vaporized (LPP), Rich Quench Lean burn (RQL), and Lean Direct Injection (LDI) have shown reduced NOx emissions, they promote a coupling between acoustics, hydrodynamics, and combustion that can lead to amplification of combustion instabilities. 2 Advancements in experimental techniques such as particle imaging velocimetry (PIV) and planar laser induced fluorescence (PLIF) at multi-kHz interrogation frequencies coupled with high frequency pressure measurements provide detailed understanding of the complex flowfield and flame dynamics. To extend the spatio-temporal capabilities of these measurements and to gain further understanding of the interaction between chamber acoustics, hydrodynamics and the flame, high-fidelity computations validated against experiments provide significant value. The validation of these models must be performed over a wide range of parameters at engine relevant conditions to capture discriminating physics and experiment trends. This paper addresses the need for experimental data that can be used to test high-fidelity simulations of the unsteady reacting flow field in model configurations specifically designed for relevant conditions. The model combustor was designed to provide quantitative measurements that could be directly compared to CFD predictions. Boundary conditions were well-defined and amenable to modeling, the combustor wall in the active flame region was coated with thermal barrier coating to approach wall boundary conditions used in the model, and a range of geometric and operating conditions were used to test the ability of the model to predict trendwise behavior.
The present configuration is a single element LDI combustor where liquid fuel is injected into a highly inertial air flow accelerated by a converging-diverging subsonic venturi. 3, 4 The success of the LDI design depends on rapid dispersion of the fuel drops aided by the subsonic venturi so that it burns under lean conditions. A dominating feature of the LDI combustor is the swirling air flow that promotes fuel vaporization and mixing and provides a robust aerodynamic mechanism for flame stabilization. Studies on premixed and partially premixed turbulent atmospheric pressure gaseous swirl flames show the presence of large scale coherent flow structures such as the precessing vortex core (PVC) and the vortex breakdown bubble (VBB) or the inner recirculation zone (IRZ). [5] [6] [7] [8] [9] [10] [11] [12] [13] The interaction of the flame with these flow structures is a function of multiple parameters including equivalence ratio, mode of fuel entry, swirl number, local gas composition, and can lead to combustion instabilities. A recent review paper by Candel et al. 8 presented a large body of work on the topic of instabilities in swirl-stabilized flames, the majority of which was based on atmospheric pressure premixed gaseous flames.
Several studies conducted over the past two decades have been focused on the characterization of the flowfield and measurement of NOx emissions in realistic LDI configurations. Dewanji and Rao. 14, 15 conducted LES simulations of both a single and a nine-element LDI combustor at atmospheric pressure for an inlet air temperature of 776 K and equivalence ratios of 0.41 and 0.7. Formation of vortex structures in the gas phase such as the VBB and the PVC were found to be critical to fuel distribution and consequently the location of the flame front in the combustor. Yi and Santavicca.
16-18 studied a Jet-A fueled combustor at moderately higher pressure (0.3 MPa) and found pressure fluctuations amplitudes as high as 8% of the mean chamber pressure with longitudinal mode frequencies of 371 Hz (1L), 699 Hz, and 1400 Hz. Dependencies of equivalence ratio, incoming air flow rate and air temperature on instability amplitudes were reported, with higher equivalence ratio and lower air flow rate and temperature being more unstable. Meadows and Agrawal. 19 investigated passive control of combustion instabilities in a single element LDI combustor operating at atmospheric pressure and used porous inserts to dampen instability amplitudes by reducing the mixture fraction inhomogeneity in the combustion chamber.
The introduction of liquid fuel as a hollow cone, poly-disperse spray results in stratification of fuel, leading to changes in the flame structure caused by the inhomogeneity in mixture fraction. The spatio-temporal uneven and unsteady response of fuel and air to incident acoustic waves can also alter the swirling flame characteristics. de la Cruz Garcia 20 reported self-excited combustion instabilities in an atmospheric pressure kerosene flame that were closely related to the fluctuations of the spray motion and droplet evaporation. Some studies at atmospheric and moderate pressures have been reported [20] [21] [22] with non-premixed and partially premixed flames in liquid fueled combustors, but more work on high pressure unstable spray flames is necessary to investigate these mechanisms.
The main objective of the current paper is to provide a comprehensive and quantitative description of the effects of combustor geometry, inlet air temperature, global equivalence ratio, fuel nozzle location, and fuel composition on combustion dynamics that can be used to test and validate predictions made by high-fidelity simulations of combustion dynamics. Discriminating behavior in terms of the acoustic energy spectra is shown with changes in geometric and operational parameters to provide a valuable data-set to test computational models. Simulations of the model combustor at the same operating conditions were conducted in a parallel effort. [23] [24] [25] [26] The predicted behavior matched the measurements particularly well at conditions where the amplitude of the instability was less than a few percent of mean chamber pressure, and illustrated how the swirl-acoustic interactions led to oscillations in the VBB that plays a major role in how the combustion responds to the combustor acoustics.
Experimental arrangement
The single element LDI combustor design is based on axial mode combustion dynamics with a fundamental (1L) frequency between 300 and 400 Hz. Pressure oscillation amplitudes of about 1-3% of the mean chamber pressure were desired so that they are a fraction of the pressure drop across the subsonic venturi of the LDI element (3-4%). The major dimensions of the combustor, specifically the lengths of the air plenum and combustion chamber, are determined at operating conditions tabulated in Table 1 based on a 1-D linearized Euler equation (LEE) solver. 27 LEE was used to parametrically vary these dimensions to calculate natural acoustic frequencies of the combustor volume at design operating conditions. Choked inlet at the entrance to the air plenum and a short nozzle approximation at the exit nozzle of the combustion chamber were assumed as acoustic boundary conditions to determined natural acoustic modes of the combustor. The combustor operates at a mean chamber pressure of 1 MPa, and uses kerosene fuel (Jet-A or FT-SPK) and heated air up to a temperature of 800 K.
A schematic of the combustor along with a detailed view of the LDI element is shown in Figure 1 . The combustor is divided into an air inlet section, air plenum, swirler-venturi-injector assembly, combustion chamber, and exit nozzle. A converging-diverging subsonic venturi with an included angle of 90 at the inlet and outlet is located at the downstream end of the air plenum. The diameter at the throat of the venturi is 15.5 mm. The combustion chamber has a 50.8 mm inner diameter and its length can be varied in discrete increments from 0.28 m to 1.08 m. To reduce heat transfer to the chamber walls in the combustion zone and approach an adiabatic wall boundary condition employed in a concurrent computational modeling effort, [23] [24] [25] thermal barrier coating is applied to the first 100 mm of the combustion chamber and the diverging section of the venturi where the maximum heat release occurs in the combustor. This allows better comparison with computational results where adiabatic boundary conditions are commonly used for the combustor walls. A choked nozzle at the end of the combustion chamber controls the chamber pressure (Pc) at $ 1 MPa.
Air, heated using an 80 kW electrical heater, enters the combustor through a slotted choked orifice plate, designed to minimize shock-induced unsteadiness. 25 The air mass flow rate is calculated across a toroidal shaped sonic venturi designed per ASME MFC-7 M and have a discharge coefficient of 0.993 with an uncertainty of AE 1%. The pressure and temperature upstream of the orifice plate is monitored to maintain a constant air flow rate during the test. The major contributor to the uncertainty in air mass flow calculation is the coefficient of discharge and results in relative uncertainty of air mass flow measurement of AE 1.1%. Like the combustion chamber, the length of the air plenum can be changed in discrete increments from 0.19 m to 0.56 m. An axial flow swirler with six helical vanes, each set with a tip angle of 60 resulting in a geometric swirl number of 1 is located at the end of the air plenum. Geometric details of the swirler and venturi are shown in Figure 1 . A hollow cone pressure swirl atomizer with a flow number of 0.072 mm 2 is used to supply fuel to the combustor and is located at the end of the air plenum. The spray cone angle of the atomizer is 70 based on measurement of the edge of the liquid sheet visualized using high-speed images of the spray at atmospheric pressure in an unconfined environment. A schematic diagram of the injector geometry and a representative image of the spray are shown in Figure 2 . A Coriolis flow meter (Micro Motion Coriolis ELITE, 0.1% accuracy) is used to measure the mass flow-rate of fuel used in the experiment. The fuel is sparged using nitrogen prior to testing to remove any dissolved air content from the fuel. The oxygen content in the fuel is monitored and ensured to be below 1% (by volume) during tests to avoid coking of fuel in the feed lines in the combustor.
The combustor is instrumented at multiple locations with high frequency piezoresistive pressure transducers (Kulite WCT-312 M-10/35/70 BARA). The transducers are recessed from the combustor inner wall in a Helmholtz cavity to avoid high thermal loading on the sensor element. The Helmholtz cavity is designed to minimize acoustic interference in measuring the true amplitude and phase for the range of frequencies of interest to the experiment. The resonant frequency of the recessed ports is $ 12 kHz at an inlet air temperature of 800 K which is higher than frequencies of interest in the experiment. The high frequency transducers provide an accuracy of 0.1% of full scale output (3.45 kPa). The transducers are located at six axial locations, three in the air plenum and three in the combustion chamber. Two transducers are located at each axial location in the combustion chamber diametrically opposite to each other for identification of modes that are not purely longitudinal in nature. Data are collected from these transducers at 100 kHz. Figure 3 depicts the pressure instrumentation in the combustor for the d wave air plenum and ½ wave combustion chamber configuration of the combustor (accounting for variation in sound speeds). The pressure data obtained at the measurement location 0.053 m downstream of the venturi throat are presented in the remainder of the paper unless otherwise specified. Temperature measurements are obtained using k-type thermocouples (Omega GKMQSS-062 G) mounted flush with the inner diameter of the combustor at the same axial locations as the pressure measurements. The thermocouples provide and accuracy of 2.2 K which is sufficient for condition monitoring in the experiment. Feed system and combustor pressures are obtained at a lower sampling rate (100 Hz-2 kHz) using GE Sensing (UNIK 50E6) pressure transducers that have an accuracy of 0.04% (2.76 kPa).
A summary of the parametric changes in the combustor in terms of its geometry and operating conditions is tabulated in Table 2 and illustrated in Figure 4 . The check marks in the second and third column of the table indicate that the particular geometry combination with corresponding air plenum configuration was tested. Cross mark indicates that the geometry was not tested. For naming purposes, the resonance for the air plenum and combustion chamber uses as a reference a 1 L 
Results
A typical test takes approximately 30 s, during which time the combustor geometry, fuel nozzle location, air mass flow rate, and the inlet air temperature are held constant. The flow rate of fuel is varied in steps through the test duration to attain a range of equivalence ratios. Chamber pressure and global equivalence ratio measurements obtained during a representative test are shown in Figure 5 . The gas temperature measured in the air plenum and 40 mm upstream of the combustor exit nozzle is shown in Figure 6 . The test was performed at an 800 K inlet air temperature with a d wave air plenum and ½ wave combustion chamber configuration.
Ignition was obtained at the beginning of the test at 11.1 s using a spark igniter (Champion AA134S-1) at a high equivalence ratio ( $ 0.7) and the fuel flow rate is stepped down to lean blow-out of the flame ( $ 0.36). At each step, the equivalence ratio is held constant for a time period of 3-5 s before the fuel flow rate is reduced to the next lower value. At lean blow-out large pressure fluctuations are observed at a very low frequency of 20-30 Hz. The pressure fluctuations that start immediately after ignition rise with an approximately exponential profile to a near limit-cycle amplitude. The temperature profile follows the equivalence ratio profile closely during the test as expected. It must be noted that the overall mass flow rate to the combustor decreases through the test as the airflow rate is held constant and fuel flow rate is reduced to attain lower equivalence ratios. The change in equivalence ratio also leads to a change in gas temperature in the combustion chamber, proportionally reducing the frequency (with a square root dependence with temperature) at which a mode is observed in the combustor over the course of a test.
Effect of geometry on combustion dynamics
The primary method to vary the level of instability attained in the combustor was to vary the LDI combustor geometry, namely the lengths of the air plenum and the combustion chamber. These changes in the relative lengths of the plenum and combustor, and their absolute values, have strong effects on how the acoustic modes interact with the hydrodynamic modes and heat release modes, ultimately determining the pressure fluctuation amplitude in the chamber. Figure 7 shows a compilation of results for all geometrical configurations of the combustor. Each data-point corresponds to peak-to-peak pressure fluctuation amplitude obtained from band-pass filtered pressure data at measurement location 0.053 m downstream of the subsonic venturi throat at dominant modes identified from power spectral density (PSD) analysis for each test case. The bandwidth for the filter is obtained by using the full width at half maximum (FWHM) about the center frequency of a given mode identified on the power spectral density (PSD) plot. The instability amplitudes have a significant variation with combustor configuration ranging from pressure fluctuation amplitudes of 5-80 kPa (0.5-8% P'/Pc) for the 3/8 wave air plenum-1/2 wave combustion chamber configuration to as high as 200 kPa ($20%P'/Pc) for the 1/4 wave air plenum-1/4 wave combustion chamber configuration. Irrespective of the combustor configuration, the highest amplitudes of instability are observed at around 1200-1500 Hz suggesting that the fluid mechanics that control combustion respond strongly to pressure and velocity oscillations in this frequency range. This frequency range corresponds to the 4L mode in the combustion chamber for the longer chamber configurations and 2L mode for the shorter combustion chamber. Simulations performed by Huang et al. 23, 24 and Gejji et al. 28 show the presence of a hydrodynamic mode related to the VBB in the chamber in the 1200-1500 Hz range. A prominent feature of swirl stabilized combustion is a central recirculation zone (CRZ) and an outer recirculation zone (ORZ) that is filled with hot combustion products, which serves as a continuous source of ignition for the fresh injected reactants and plays a critical role in flame stabilization. The dynamics of vortex breakdown in high swirl number flows, follows an abrupt flow transition with a free stagnation point/ region followed by flow reversal and a fully turbulent region, denoted as the VBB. The presence of a natural chamber acoustic mode aligned with the presence a VBB leads to a direct coupling of the swirling flow hydrodynamics and combustor thermoacoustics. For a compact flame with high thermal power density typically observed in the LDI configurations, 28 these interactions can effect large fluctuations in heat release rate leading to high combustion instability amplitudes.
The harmonics of this frequency are also of high amplitude, peaking at an amplitude of 200 kPa ($20% P'/Pc) at 2.8 kHz for the ¼ wave A.P.-¼ wave C.C. configuration. Another observation is the presence of high amplitude modes in the 6-8 kHz frequency range observed in all configurations at higher equivalence ratios ( > 0.5). Concurrent computational results of the experiment 24 indicate the presence of a PVC hydrodynamic instability coupled with heat release in this frequency range, especially near the dump plane of the combustor and in the diverging section of the venturi.
The 3/8 wave air plenum and 1/2 wave combustion chamber was chosen as the baseline geometry for the study as it presents instabilities in the target amplitude ranges ($1%) at low equivalence ratios.
To illustrate the large variation in behavior with geometry, a comparison in the pressure signals obtained between the highly unstable ¼ wave air plenum-¼ wave combustion chamber configuration and the moderately unstable 3/8 wave air plenum-½ wave combustion chamber configuration is shown in Figure 8 . The comparison is made using high-pass filtered pressure data and the PSD plots for tests run at an equivalence ratio of 0.6 and at an air temperature of 800 K obtained at measurement location 0.053 m downstream of the subsonic venturi throat. The data are high-pass filtered at 70 Hz using a Butterworth filter of 2nd order to remove any electrical artifacts at 60 Hz. From the PSD plots, it can be seen that the many modes in the long-chamber configuration (b) coalesce into fewer, much stronger modes in the shorter chamber. The $1400 Hz mode dominates both spectra; it is the 2 L mode for the shorter combustor and the 4 L mode for the longer combustor. The highest instability amplitudes are observed at frequencies that correspond to natural acoustic modes of the chamber as well as align with hydrodynamic VBB mode in the combustor. 23, 24 In the longer chamber, since the fundamental longitudinal mode frequency is lower ($350 Hz), a large number of modes that correspond to the harmonics of this frequency are observed in the pressure spectrum. For the shorter chamber, the fundamental longitudinal mode frequency of the combustion chamber is higher ($700 Hz), hence, smaller number of harmonics are seen in power spectrum. The oscillation amplitude in the shorter combustor configuration is approximately twice that of the longer combustor configuration. The pressure time history shows a steep fronted pressure waveform with multiple secondary peaks that results in the presence of multiple peaks on the PSDs.
Pressure data obtained at different locations in the combustor were used to identify the pressure modeshapes in the combustor. The measured mode-shapes were compared with those calculated using LEEs in the COMSOL acoustics module. The LEE calculation is based on a 1-D formulation and in its current application assumed a uniformly distributed heat release across the first 50 mm length of the combustion chamber and no heat transfer to the combustor walls. Gas temperature measurements near the inner diameter of the walls of the combustor obtained at multiple axial locations were not used to estimate a temperature profile in the combustion chamber because of the slow time response of thermocouples and time varying equivalence ratio in the combustion chamber. The thermocouples also had to be located fairly close to the chamber wall and were not the best indicator of mean gas temperature at the respective axial location in the chamber. A choked inflow at the inlet of the air plenum and a short nozzle approximation for the acoustic boundary at the exit of the combustion chamber were used in the calculations. The mode shapes calculated based on the experimental data agree fairly well with the LEE analysis. The agreement validates the definition of the longitudinal pressure mode shapes and helps rank the dominant modes.
Representative plots of the mode-shape comparison for the, ½ wave air plenum, ½ wave combustion chamber are shown in Figure 9 . The tests were performed at an inlet air temperature of 800 K and with the fuel injector 2.6 mm upstream of the venturi throat. The pressure data from two transducers located diametrically opposite to each other 0.053 m (2.1 00 ) downstream of the venturi throat were used to calculate the phase difference between the pressure signals. For the 1 L-4 L modes, the signals were in phase indicating that these modes are predominantly longitudinal. At the 4 L mode, a AE 5 phase difference between these measurements is observed at the upstream end of the combustion chamber at indicating that the mode isn't a purely standing longitudinal mode but a combination of an acoustic and a hydrodynamic mode. Computational investigations of the experiment indicate the modulation of the CRZ or the VBB occurs at a frequency that corresponds to the 4L acoustic mode. 27, 28 This coupling between hydrodynamics and acoustics can also lead to high amplitude fluctuations at this frequency compared to 1L-3L modes. The signals at other locations in the combustion chamber are in phase at the 4 L mode. For the higher frequency modes in the 6-8 kHz range, the pressure signals were not in phase (140-160 ) with each other indicating the pressure mode are not purely longitudinal. Dynamic mode decomposition of pressure and velocity field at the frequencies using companion hybrid RANS-LES investigations by Huang et al. 23, 24 indicate presence of a PVC instability in this frequency range.
Effect of operating conditions on combustion dynamics
3.2.1. Inlet air temperature. The inlet air temperature was varied in steps of 50 K from 650 K to 800 K for all the combustor configurations. For the same equivalence ratio, and air and fuel mass flow rates, the overall instability levels are typically lower at higher inlet air temperatures. Higher droplet evaporation rate at higher inlet temperatures can effect rapid and more uniform fuel-air mixing leading to a more stable combustion response. This is aided by approximately 23% higher air velocity with the raise of temperature from 650 K to 800 K at the location of the fuel injection that helps in droplet break-up and mixing. On the other hand, lower inlet air temperatures result in larger droplets traveling further downstream in the chamber leading to a higher degree of local equivalence ratio fluctuations and higher probability of combustion instabilities. It is hypothesized that the stratification in fuel mass fraction because of lower inlet air temperature, air velocity and consequently longer droplet evaporation time, the local equivalence ratio fluctuations and consequent heat release rate fluctuations are higher at lower air inlet temperatures. The maximum instability levels are observed at an air temperature of 700 K. It must be noted that the higher pressure amplitudes at 700 K are realized at the highest equivalence ratios. The increased thermal power density of the flame plays an important role in the level of observed instability. Figure 10 shows pressure fluctuation amplitudes for the 3/8 wave air plenum-1/2 wave combustion chamber as a function of the inlet air temperature for the 1 L and 4 L longitudinal modes in the combustor. The 2 L, 3 L, and 5 L modes stay at a relatively low amplitude of < 30 kPa throughout the surveyed space of inlet air temperature and equivalence ratio. The raw pressure signal, obtained at location 0.053 m from the venturi throat, is band-pass filtered using the second order Butterworth filter to obtain amplitudes at individual pressure modes. For this configuration, the 4L mode is dominant at > 0.45 and the 1 L mode is dominant at < 0.45. The 4 L mode is stronger at lower inlet air temperatures (maximum at 700 K) as shown in Figure 10 below whereas the trend is reversed for the 1 L mode where the amplitudes are higher at higher temperatures (maximum at 750 K). The higher frequency modes (not presented in Figure 10 for clarity) show similar trends as the 4 L mode with changes in the inlet air temperature.
Equivalence ratio.
Global equivalence ratio (based on fuel and air flow rates) in the combustor was varied during every test and data extracted at multiple time instances. Figure 11 shows the influence of equivalence ratio on the combustion instability in the combustor for the 3/8 wave air plenum, ½-wave combustion chamber configuration. The instability amplitude increases with the equivalence ratio. The 4L mode is dominant at higher equivalence ratios (>0.45) while the 1 L and 2 L modes are stronger as the flame approaches the lean blowout limit. The amplitude of the 4 L mode is significantly higher than 1 L-3 L and 5 L at > 0.45, but as the equivalence ratio is decreased, the variation in amplitude is more evenly distributed across the first five modes. The data presented in Figure 11 include variations of equivalence ratio at a range of inlet air temperatures that introduces a convolved effect on these parameters on combustion dynamics. To eliminate this, Figure 12 shows the pressure fluctuation amplitudes as a function of adiabatic flame temperatures calculated using NASA-CEA for the equivalence ratio and inlet air temperature variations reported in Figures 11 and 12 . The combustion instabilities follow a similar trend to equivalence ratio with higher instabilities at 1L mode are observed at flame temperature below 1740 K. An increase in pressure amplitudes at the 4 L mode above 1800 K are observed with an associated rise in equivalence ratio.
Effect of fuel nozzle location.
The effect of the fuel injector location with respect to the throat of the converging-diverging venturi was measured at two discrete injector locations. For the 3/8 wave air plenum and 1/2 wave combustion chamber configuration, the fuel nozzle at the throat was more unstable than the configuration with fuel nozzle 2.6 mm upstream of the throat. The time-averaged pressure drop across the spray nozzle was 3.5% with the injector located upstream of the throat and increased to 4.0% when the injector was located at the throat. This pressure drop was obtained based on pressure measurement upstream of the air swirler in the air plenum (À0.064 m from venturi throat) and transducer at the head end of the combustion chamber (þ0.053 m from venturi throat).
Representative test results at an air temperature of 800 K and two equivalence ratios, 0.6 and 0.42, are used to highlight the important differences in the instabilities.
(a) Air inlet temperature: 800 K, equivalence ratio: 0.6 (Flame A) Figure 13 compares high-pass filtered pressure data and PSD of the pressure data for the case (a) with the fuel injector 2.6 mm upstream of the venturi throat and (b) the fuel injector at the throat for an equivalence ratio of 0.6. The 4 L mode is the dominant mode for both the fuel nozzle locations. The case with the fuel nozzle at the throat has a peak-to-peak amplitude of 82 kPa ($8% P'/Pc) while the case with the fuel nozzle upstream has an amplitude of 45 kPa at the 4 L mode ($4.5% P'/Pc). Strong modes with amplitudes as high as the dominant longitudinal mode are observed in the 6-8 kHz range for both cases. The higher frequency modes have larger amplitudes (max. P' ¼ 82 kPa) when the fuel nozzle is at the throat than when the nozzle is upstream (max. P' ¼ 50 kPa). The 1 L mode pressure fluctuations are 1% of mean chamber pressure.
It is speculated that a small shift of the spray injection location may result in nonlinear changes in the spray and consequently on the flame behavior. Since the velocity is greatest at the throat, any acoustics based oscillations may have a greater effect on the spray break-up. Of course the flow recirculation patterns behind the fuel nozzle may be important. These differences can significantly affect the combustion response and consequently the instability amplitudes and dominant pressure modes.
(b) Air inlet temperature: 800 K, equivalence ratio: 0.42 (Flame B) Figure 14 shows the comparison of high-pass filtered pressure data and PSD for the case (a) with the fuel injector 2.6 mm upstream of the venturi throat and (b) the fuel injector at the throat at an equivalence ratio of 0.42. A notable difference is seen when the fuel injector is upstream of the venturi throat with pressure fluctuation amplitude of 40 kPa at the 1 L frequency of 325 Hz. The 5 L mode (1675 Hz) is the strongest mode in the combustor with pressure fluctuation amplitude of 56 kPa when the injector is located at the throat of the venturi. Based on overall pressure amplitudes, the configuration with the fuel injector at the throat is more unstable than the configuration with the injector upstream of the throat. The energy spectra for both these cases are spread across the first few modes in the combustor. This is significantly different from the behavior at higher equivalence ratios where a dominant 4L mode is observed. This absence of a strong single dominant mode suggests the presence of multiple subtle physical mechanisms participating in driving/damping the instabilities. 23, 24 3.2.4. Switching of dominant modes. During a typical test, the equivalence ratio is varied from a high value of 0.7 to lean blow-out, and the instability levels vary significantly over the sweeps. Along with the changes in overall fluctuation amplitude, the value at each dominant mode also varies during the test. Figure 15 shows the variation in pressure fluctuation amplitudes for the 1 L mode (325 Hz), 4 L mode (1420 Hz) and the high frequency mode at 7100 Hz using band-passed data. The pressure data are band-passed filtered with a bandwidth of AE50 Hz and normalized using the maximum P' value at the particular mode frequency-15 kPa at 1L mode, 95 kPa at 4 L mode, and 80 kPa at 7100 Hz. A wide band-width is used to account for changes in the frequency with change in equivalence ratio during the test. The transient period between the equivalence ratio step-changes observed during the test are due to the response time of the control valve that regulates fuel flow rate to the combustor.
At f > 0.65, the 4 L mode is clearly dominant with a steady limit cycle that is AE5% of the mean chamber pressure. Between f ¼ 0.65 and 0.60, the amplitude of the 4 L mode declines whereas the amplitude of modes at 7100 Hz grow until it is of similar amplitude as the 4 L mode. The 4 L mode amplitude decreases with f and its amplitude is <1% of the chamber pressure near lean blow-out equivalence ratios. The strong correlation of the 4 L mode amplitude with equivalence ratio is indicative of the preference of the combustion response to that frequency. A change in equivalence ratio and inlet temperature and consequently changes the frequency of the 4L mode proportionally, but remains the dominant mode observed in all experiments. The 1 L mode is low for f > 0.46, below which it grows to become the dominant mode. The increase in the 1 L mode amplitude coincides with the reduction in amplitudes of the 4 L mode and the 7100 Hz mode.
The distinct behavior of the dominant combustor modes as a function of equivalence ratio suggest that the flame shape, hydrodynamics, and the interactions between them vary over the course of the test.
3.2.5. Effect of fuel composition on combustion dynamics. The LDI combustor was operated using two fuels, Jet-A and FT-SPK. Table 3 compares the major properties of the fuels that were used in the tests. The major difference between the two fuels is the negligible amount of aromatics present in the FT-SPK fuel.
The combustion dynamics behavior for the two fuels show distinct differences as the air temperature and equivalence ratio is changed. Instability results with FT-SPK fuel show more stable behavior of the LDI element at lower equivalence ratios (f < 0.45) and more unstable behavior at higher equivalence ratios (0.46 < f < 0.66) than corresponding tests performed using Jet-A. The dominant modes at different equivalence ratios regimes remain similar for the fuels. The 4 L mode and its harmonics are dominant at higher equivalence ratios. The modes in the 7 kHz range remain as strong as the dominant longitudinal modes. For the lower equivalence ratio range near lean blow-out (f < 0.45) the energy is distributed in the 1 L-5 L modes and the amplitudes are significantly lower than at higher equivalence ratio. The tests were performed in a 3/8 wave air plenum-1/2 wave combustion chamber configuration with the fuel nozzle 2.6 mm upstream of the venturi throat. The amplitudes with FT-SPK are higher at higher equivalence ratio of 0.6 than Jet-A while they are lower near lean blow-out at f ¼ 0.37. A similar trend is observed for other inlet air temperatures as well. This short study highlights the necessity of detailed study of the effect of fuel composition, especially for liquid fuels, on combustion instabilities in combustors.
Summary and conclusions
A parametric investigation of self-excited combustion dynamics behavior of a model high pressure LDI combustor was performed and effects of combustor geometry, inlet air temperature, and global equivalence ratio were described. The combustor shows distinct and discriminating instability characteristics with changes in geometry and operating conditions that can be used to test computational models of practical geometries at realistic conditions. The 1/4 wave air plenum (Lc ¼ 0.2 m) and 1/4 wave combustion chamber (Lc ¼ 0.56 m) was the most unstable combustor configuration with peak-to-peak pressure fluctuations as high as 20% of the mean chamber pressure. Generally, the dominant mode in the combustor was between 1200 and 1600 Hz corresponding to the 4 L mode in the combustor. Higher frequency modes in the 6-8 kHz range are also observed with high pressure fluctuation amplitudes, comparable to the 4 L mode amplitude at high equivalence ratios. Larger combustion instability amplitudes were observed at higher equivalence ratios with strong fluctuations at the 4 L mode frequency while the lowest amplitudes were observed near lean blow-out conditions where the mode energy was spread across 1 L-5 L modes. A strong correlation was also observed between the inlet air temperature and instability levels with higher temperature resulting in lower pressure amplitudes. It is speculated that the lower temperatures result in lower droplet evaporation rates, non-uniform fuel distribution, and spatio-temporal modification of the burning rate that lead to higher levels of combustion instabilities.
The effect of injector location and fuel composition on combustion dynamics was tested with the 3/8 wave air plenum (Lp ¼ 0.46 m) and 1/2 wave combustion chamber (Lc ¼ 1.08 m) configuration. For this configuration, the combustion instabilities with fuel nozzle at the throat of the venturi throat were stronger than with the configuration with fuel nozzle 2.6 mm upstream of the nozzle. Since the highest velocities of the swirling air flow are present at the throat, any acoustics based oscillations can have a greater effect by small variations of fuel injection location. At higher equivalence ratios, the 4L mode was dominant for both configurations with amplitudes between 40 and 82 kPa. At lower equivalence ratios, the energy was spread across the first five modes in the combustor, with the 1 L mode dominant when fuel nozzle was upstream while 5 L mode dominant when fuel nozzle was at the throat.
At the low amplitude instability conditions at lower equivalence ratios, a strong modulation in the dynamic pressure is observed. Dynamic pressure energy is distributed across several (1 L-5 L) low amplitude modes in the combustor. The significant difference in the energy spectrum between the high equivalence ratio cases where a dominant 4 L mode is observed versus the low equivalence ratio case indicates possibility of different driving/damping mechanism at the two equivalence ratios ranges.
The parametric study of the self-excited LDI combustor showed distinct and discriminating instability characteristics that point to coupling processes between heat release, acoustics and multi-phase hydrodynamics. While the application of advanced diagnostics, such as OH-PLIF and PIV offer a significant advantage in terms of spatial resolution and the ability to study the flame structure and velocity flow-field in the combustor, the interpretation of the results in a three-dimensional, multi-phase flow-field with high amplitude dynamics is difficult. In such cases, the pressure measurements form the primary basis for verification and validation of combustion instabilities using high fidelity models.
